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Abstract— The smart distribution system is one of the most 
important aspects of the smart grid and will result in systematic 
update on the distribution side. In smart distribution grid pilot 
cities of China, much investment on the infrastructure for the 
smart distribution system has been done. For example, in Xiamen, 
the IEC61968/61970 based data base has been established and the 
smart terminal units, such as transformer terminal units, 
distribution terminal units, feeder terminal units and load 
control units have been installed. This paper proposes an 
automatic voltage control (AVC) architecture based on these 
infrastructures, all of which have been employed in Xiamen. The 
objective of this architecture is to minimize the distribution losses 
by coordinating the on load-tap changer (OLTC) and the 
capacitor banks. In this paper, the data base, the data 
communication mechanism and the related terminal units for this 
architecture are introduced firstly. Then, an optimal power flow 
(OPF) model for determining the tap position of the OLTC and 
switching capacitor banks is also formulated. The proposed 
architecture is verified in a 33-buse system. Scenarios are created 
to verify the impact of DG on the performance of this 
architecture. The results show that using the proposed 
architecture, distribution losses can be reduced by selecting 
reasonable tap position, operated capacitor banks and DG 
techniques. 
Index Terms—Smart distribution system, IEC61968, 
automatic voltage control, optimal power flow 
I.  NOMENCLATURE 
A.  Parameters 
VT1:  Primary side voltage of the transformer, pu. 
RT:  Rated transformer voltage ratio, pu. 
TR:  Transformer voltage ratio of a tap position, pu. 
Tk :  Maximum tap position of the transformer. 
PF T: The power factor on the secondary side of transformer 
,1CQ : Reactive power of a capacitor banks if the voltage is 
1pu, MVar. 
i:   DG number. 
j, k: Bus number. 
Gjk: Real part of admittance matrix element. 
Bjk: Imaginary part of admittance matrix element.  
PDGi: The active power of DGi, MW. 
xs,DGi: Synchronous reactance, pu.  
,q DGiE :  Maximum internal voltage, pu. 
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Qmin, DGi:  Region heating limit, MVar. 
SDGi: Rated capacity, MVA. 
rr:   Rotor resistance, pu. 
xr:  Rotor reactance, pu. 
rs:   Stator resistance, pu. 
xs:  Stator reactance, pu. 
xm:  Excitation reactance, pu. 
PFDGi: Power factor of DGi. 
setV : Terminal voltage of synchronous machine, pu. 
B.  Variables 
VT:  Secondary side voltage of the transformer, pu. 
PT:  Active power from power grid, MW. 
QT:  Reactive power from power grid, MVar. 
VT: Secondary side voltage of transformer, pu. 
CQ : Reactive power of operated capacitor banks, MVar. 
PGj: Total active power of DGs on bus j, MW. 
PDj: Total active power demand on bus j, MW. 
QGj: Total reactive power of DGs on bus j, MW. 
QDj:  Total reactive power demand on bus j, MW. 
Vj: Voltages on bus j, pu. 
Vk: Voltages on bus k, pu. 
jkθ : Phase angle difference between bus j and bus k.  
VDGi: Terminal voltage of DGi, pu. 
QDGi: The reactive power of DGi, MVar. 
S:   Induction generator slip.  
II.  INTRODUCTION 
N 21st century, the most concernful challenges for the 
sustainable development of human being are energy crisis, 
climate change and finance crisis. The smart grid framework 
has been promoted as one of the emerging industry sectors to 
meet these challenges. In this framework, the power system 
can be operated more efficiently, the penetration rate of 
renewable energy can be improved, and the consumption of 
fossil fuel can be reduced. Moreover, the tremendous 
investment in the infrastructures can boost the economy and 
create a large number of job opportunities. 
 Generally, the smart grid can be defined as a high 
performance power system utilizing advanced monitoring, 
control, and communication technologies to optimize the 
operation of the system. A series of planning and roadmaps 
have been issued in China, the United States and Europe [1]. 
As different countries have different national conditions, their 
detailed strategies for developing smart grids are different. 
However, constructing highly controllable and observable 
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distribution system is one of the consensuses in many 
countries. In the smart grid strategy of China, the 
environment- and customer-friendly distribution network has 
been equally emphasized with the strong inter-connected 
transmission grid. The main targets of constructing smart 
distribution system in China are self-healing, reducing 
distribution loses, enabling renewable energy and integrating 
distributed generation (DG),  
 In China, four cities, Xiamen, Hangzhou, Beijing and 
Yinchuan, are selected as the smart distribution grid pilot 
cities by the STATE GRID Corporation of China (SGCC). 
The first stage of the smart grid project has been accomplished 
in Xiamen in the middle of 2010. In this stage, an 
IEC61968/61970 based data platform has been built; the 
supervisory control and data acquisition (SCADA) have been 
widely employed in the substations; distribution terminal units 
(DTUs), feeder terminal units (FTUs) and load control units 
(LCUs) are installed. In the data platform, the parameters of 
the devices, such as transformers, lines and generators, can be 
searched online in the data base. By virtue of SCADA, DTUs, 
FTUs and LCUs, it is feasible to figure out the real time 
skeleton of the distribution system. The powers of the loads, 
the generation situations of DGs and the on/off states of 
breakers can be monitored remotely.  
 AVC for the step down substation is one of the most 
concernful issues on the distribution side. Based on the high 
performance infrastructures in Xiamen, this paper proposes an 
automatic voltage control (AVC) architecture to minimize the 
distribution loss. The architecture is formulated as an optimal 
power flow (OPF) model. The objective function of this model 
is to minimize the distribution loss. And the model subjects to 
the regulations regarding voltage variation and power factor, 
the tap position of OLTC, the quantity of operated capacitor 
banks, the outputs and operation modes of DGs, and the power 
flow of the distribution system.  
 The structure of this paper is as follows. Section III 
describes the AVC architecture and OPF model used in this 
paper. Section IV and V are the case studies and conclusions, 
respectively. 
III.  THE ARCHITECTURE OF THE PROPOSED AVC 
A.  General approach 
The proposed AVC architecture consists of an 
IEC61968/61970 based data base, an OPF model, and a 
service-oriented architecture (SOA) based data transfer 
mechanism. The detailed structure of this architecture is in 
Fig.1. The OPF model reads information from the data base to 
determine the control strategy, and, then, the control strategy 
is sent to the SCADA to adjust the tap and the capacitor banks. 
The SOA transfers the datum and control strategy among the 
data base, OPF model and SCADA. 
Data Base 
 
Fig. 1. The architecture of the proposed AVC 
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The data platform used in Xiamen is designed based on 
IEC61968 and IEC61970. The former one defines a series of 
standards for the information exchange in distribution systems, 
while the latter for energy management systems (EMSs) and 
control centers. According to these two standards, the devices 
in the power system can be described by different models, i.e. 
common information models (CIMs). For a given device, its 
operation states and parameters are described by the attributes 
of its CIM. Generally, in the data base used in Xiamen, the 
values of the attributes are from two approaches. The first one 
is assigning the values manually, while another is collecting 
the values by LCTs, FTUs, DTUs and substation’s SCADA. 
The first approach is usually applied for the attributes whose 
values are seldom changed, such as the lengths of the lines, the 
capacities of DGs, etc. The second approach is for the 
attributes whose values are time-variable, such as the outputs 
of DGs, the voltages of buses, the power consumption of loads, 
etc. 
There are two servers for the data base, the non-real time 
server and the real time server. In the first server, the values 
are assigned by the first approaches introduced in the last 
paragraph. A software, called Grid Product Management 
System (GPMS), is used to realize the input/output of the data 
in this server. In this paper, following information are read 
from the non-real time server for the OPF model: 
y The impedances of lines 
y Active powers of DGs dispatched by the control center 
y The parameters of the transformer 
y The parameters of DGs 
y The capacities of the capacitor banks 
The time-variable values are stored in the real time server. 
In the proposed AVC architecture, following information are 
read from this server for the OPF model:  
y The powers of the loads: LCTs, which are installed at the 
point of common coupling (PCC), are used to monitor 
the power consumption of the loads.  
y The open/close states of the breakers: FTUs and DTUs 
are installed on the ring main units and switching 
substations, respectively. They are able to monitor 
open/close states of breakers, and close or open the 
breakers according to the control signals from the control 
center.  
y The tap positions of the OLTCs: SCADA can supervise 
and switch the taps of the OLTCs. 
y The operation states of capacitor banks: In any substation, 
SCADA is applied to supervise how many and which 
capacitor banks are put into operation. 
It should be noted that the information collected by LCTs, 
FTUs, DTUs and SCADA are stored in real-time server firstly, 
and then, read from this server for the OPF model by the SOA 
based data transfer mechanism. 
OPF Model 
An OPF model with the objective function to minimize the 
distribution losses is established. This model is subjected to 
following constraints: 
y The tap positions and the capacitor banks: The tap and 
the capacitor banks are employed to adjust the secondary 
side voltage and power factor of the transformer.  
y Voltage variation: In Xiamen, it is required by the 
National Standard that the steady state voltage on the on 
the 10kV bus of a transformer should be between 1.0pu 
and 1.07 pu, and the voltages on other buses 0.93pu and 
1.07pu [2].  
y Power factor: The power factor on the secondary side of 
the transformer should be between 0.95 lagging and 0.98 
lagging. 
y Power flow: Kirchhoff’s law must be satisfied on each 
bus. 
y Active and reactive power characteristics (P-Q 
characteristics) of DGs: Different DGs have different 
power characteristics. Some renewable energy based 
DGs are subjected to the meteorologic conditions, such 
as wind speed, solar radiation, and flow rate, etc. The 
active power of a combined-heat-and-power (CHP) 
depends on its heat load. Other DGs, such as steam 
turbine, gas turbine and combined cycle turbine, are 
highly controllable.  
DGs’ abilities on adjusting reactive power are 
different. The reactive power of a synchronous generator 
is constrained by its field heating, armature heating and 
end region heating; while that of an induction generator 
by its slip and armature heating [4]. 
y The operation mode of the synchronous generator: Two 
operation modes are considered for the synchronous 
generator in this paper. At the fixed power factor mode, 
the proportion between active power and reactive power 
is a constant. While in the voltage control mode, the 
terminal voltage of the generator is kept constant by 
adjusting generator reactive power. 
The detailed formula of the OPF model will be discussed in 
Part B of Section III. There are three steps to find the solution 
for this model.  
In the Step 1, the tap position of the transformer and the 
quantity of the operated capacitor banks are described as 
continuous variables to mitigate the time consuming of 
solving the model. The non-linear programming (NLP) is 
applied to solve this model in the Step 1. 
Normally, the tap position and the scheme to operate the 
capacitor banks found by Step 1 are not integer. To find the 
integer results, the “half-adjust” is used in Step 2. In this 
method, the tap position and the quantity of the capacitor 
banks found in Step 1 are rounded to the nearest integers of 
them, respectively: 
1 0
1 0
min[ ( ), ]
min[ ( ), ]
T T T
C C C
k Round k k
m Round m m
⎧ =⎪⎨
=⎪⎩
         (1) 
where, 1Tk is the intermediate variable to determine the tap 
position, 1Cm is the intermediate variable to determine the 
quantity of the operated capacitor banks, 0Tk is the tap position 
solved in Step 1, 0Cm is the quantity of the operated capacitor 
banks solved in Step 2, 0( )TRound k and
0( )CRound m are the 
results rounding 0Tk and 
0
Cm to the nearest integers, respectively. 
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Cm and Tk are the maximum quantity of the capacitor banks 
and the tap position corresponding to the highest transformer 
voltage ratio, respectively. 
 In Step 3, the control scheme for the tap and the capacitor 
banks will be found. The detailed flow-chart of step 3 is given 
in Fig 2. 
y Firstly, power flow analysis is fulfilled to obtain the 
power factor 1TPF  and voltage
1
TV on the transformer 
secondary side to verify the effectiveness of 1Tk and 
1
Cm . 
y If 1TPF  and 1TV  satisfy the power factor boundaries and 
the voltage variation boundaries (i.e. they are in Area I of 
Fig.3), the control strategy will be broadcast to the 
SCADA to adjust the tap and the capacitor banks 
according to 1Tk and 
1
Cm . 
y If 1TPF  and 1TV  are not in Area I of Fig.3, 1Tk and 1Cm  will 
be handled: 
y If 1Tk and 1Cm satisfy the “Conditions of broadcast 
directly” in Table I, they will be broadcasted to 
SCADA. 
y Otherwise, 2Tk and 2Cm will be found according to 
the “Handle strategy” in Table I. 
y Once 2Tk and 2Cm are found, their effectiveness will be 
verified by power flow analysis again, and they will also 
be handled according to “Conditions of broadcast 
directly” and “Handle strategy” in Table I. 
y Similarly, iTk and iCm can be found, verified and handled. 
Once iTPF  and 
i
TV are in the Area I in Fig.3, or 
“Conditions of broadcast directly” in Table I are satisfied, 
i
Tk and 
i
Cm will be broadcast to SCADA. Otherwise, 
1i
Tk
+ and 1iCm
+ will be found according to the “Handle 
strategy” in Table I. 
y Once SCADA receives the control scheme, the tap and 
the capacitor banks will be adjusted according to this 
scheme. 
1
Cm
1
Tk
i
Cm
i
Tk
i
TP
i
TPF
1i
Cm
− 1i
Tk
−
i
Cm
i
Tk
1i
Cm
− 1i
Tk
−
 
Fig. 2.  The Flow Chart of Step 3. 
 
Fig. 3.  The possible power flow analysis results on the secondary side of the 
transformer. 
 
TABLE I 
HANDLE STRATEGIES FOR DIFFERENT POWER FLOW ANALYSIS RESULT 
 
 Voltage Power factor 
Conditions of 
broadcast directly Handle strategy 
Area Ⅰ Acceptable Acceptable - Broadcast to SCADA
Area Ⅱ High Low 
1 0iTk
−
=  or 
1i
C Cm m
−
=
 
1min[ 1, ]i iT T Tk k k
−
= − ,
1min[ 1, ]i iC C Cm m m
−
= +
Area Ⅲ High Acceptable 1 0iTk − =  1min[ 1, ]i iT T Tk k k−= −
Area Ⅳ High High 
1 0iTk
−
= , 
1 0iCm
−
=  
1min[ 1, ]i iT T Tk k k
−
= − ,
1min[ 1, ]i iC C Cm m m
−
= −
Area Ⅴ Acceptable Low 1iC Cm m− =  1min[ 1, ]i iC C Cm m m−= +
Area Ⅵ Acceptable High 1 0iCm − =  1min[ 1, ]i iC C Cm m m−= −
Area Ⅶ Low Low 
1i
T Tk k
−
=
, 
1i
C Cm m
−
=
 
1min[ 1, ]i iT T Tk k k
−
= + ,
1min[ 1, ]i iC C Cm m m
−
= +
Area Ⅷ Low Acceptable 1iT Tk k− =  1min[ 1, ]i iT T Tk k k−= +
Area Ⅸ Low High 
1i
T Tk k
−
= , 
1 0iTk
−
=  
1min[ 1, ]i iT T Tk k k
−
= + ,
1min[ 1, ]i iT T Tk k k
−
= −
 
Data Transfer Mechanism 
 The data transfer mechanism in the proposed AVC 
architecture is based on the SOA, in which the functionalities 
are packaged as interoperable services that can be used in 
multiple separate systems. Two data transfer mechanisms are 
used in this paper. The first one is the request/response 
mechanism. In this mechanism, the server which operates the 
OPF model will call message needed by the OPF model from 
the non-real time server and the real time server regularly. 
Then, corresponding message will be sent to the OPF server 
right after the call is received. The second one is the broadcast. 
By this mechanism, the scheme obtained from the OPF model 
will be sent to the SCADA in the substation to adjust the tap 
of the transformer and the capacitor banks. 
B.  The Formula of the OPF Model 
Objective function 
 As the energy consumptions of the loads and the output of 
the DGs can be monitored by the LCTs, the objective of the 
AVC model is to minimize the distribution losses. 
 [ ]T Gj DjMIN P P P+ −∑ ∑             (2) 
Ⅰ 
Ⅱ Ⅲ Ⅳ
Ⅴ Ⅵ
Ⅶ Ⅷ Ⅸ
minPF  maxPF
minV  
maxV  
PFT 
VT 
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Constraints 
y Tap position of the transformer 
0
1 * *(1 * )T T T TV V R TR k= +           (3) 
 0T T Tk k k− ≤ ≤                 (4) 
y The output of the capacitor banks on the secondary side 
of the transformer 
2 0
,1* *C T C CQ V m Q=              (5) 
00 C Cm m≤ ≤                 (6) 
y Voltage variation boundaries on the secondary side of the 
transformer 
1.0 1.07TV≤ ≤                (7) 
y Power factor boundaries on the secondary side of the 
transformer 
2 20.95 / 0.98T T T TP P Q PF≤ + = ≤        (8) 
0TQ ≤                   (9) 
y Voltage variation boundaries on the buses in the 
distribution system 
0.93 1.07jV≤ ≤                (10)  
y Power balance constraints: 
1
( cos sin )
N
Gj Dj j k jk jk jk jk
k
P P V V G Bθ θ
=
− = +∑     (11) 
1
( sin cos )
N
Gj Dj j k jk jk jk jk
k
Q Q V V G Bθ θ
=
− = −∑     (12) 
y P-Q characteristics of DG: 
For synchronous generator [4]: 
,2 2 2
, ,
2 2 2
min,
*
( ) [ ]DGi q DGiDGiDGi DGi
s DGi s DGi
DGi DGi DGi
DGi DGi
V EV
P Q
x x
P Q S
Q Q
⎧
+ + ≤⎪⎪⎨
+ ≤⎪
≥⎪⎩
   (13) 
For induction generator [4]: 
2
2 2
2 2 2
e DGi
DGi
e e
e
DGi DGi
e
DGi DGi DGi
r V
P
r x
x
Q P
r
P Q S
⎧
−
=⎪⎪ +⎪⎨
=⎪⎪
+ ≤⎪⎩
            (14) 
2
2 2 2
2 2
2 2 2
( )
( )
( )
r m
e s
r r m
m r m r m r
e s
r r m
r x S
r r
r S x x
x r x x x x S
x x
r S x x
⎧
= +⎪⎪ + +⎨
+ +⎪
= +⎪ + +⎩
      (15) 
y The operation mode of synchronous generators: 
Fixed power factor mode: 
2 2/DGi DGi DGi DGiP P Q PF+ =           (16) 
Voltage control mode: 
  DGi setV V=                  (17)  
IV.  CASE STUDY 
A.  The studied system and study results 
The test system shown in Fig.4 is a 10kV system with a 
substation, a DG unit, and two capacitor banks. The total 
demand is 14.5MW. The data of the system is given in 
Appendix (Table VI). The parameters of the DG are given in 
Table VII.  
The scenarios are in Table III. They are created to 
investigate the sensitivities of the distribution loss to different 
DG technique options. In the Base Case, no DG is operated 
and, therefore, the power flow is unidirectional (i.e. from the 
substation to the loads). In Case A and Case B, the DG is a 
synchronous machine with power factor control mode and 
voltage control mode, respectively. In case C, the DG is an 
induction machine. These scenarios are created to investigate 
how the tap and the capacitor banks are operated in different 
DG outputs and DG technique options. 
 
Tk
Cm
TP TQ
CQ
 
 
Fig. 4.  The system for case study. 
 
TABLE III 
SCENARIOS FOR CASE STUDY 
 
Case Scenario Gen Type Operation mode Operation objective of the control mode 
Base 
Case - No DG - - 
A 
A1 Synchronous Power factor control 0.90 lagging 
A2 Synchronous Power factor control 0.95 lagging 
A3 Synchronous Power factor control 1.0 
A4 Synchronous Power factor control 0.95 leading 
A5 Synchronous Power factor control 0.90 leading 
B 
B1 Synchronous Voltage control 1.00pu 
B2 Synchronous Voltage control 1.01pu 
B3 Synchronous Voltage control 1.02pu 
B4 Synchronous Voltage control 1.03pu 
B5 Synchronous Voltage control 1.04pu 
B6 Synchronous Voltage control 1.05pu 
B7 Synchronous Voltage control 1.06pu 
B8 Synchronous Voltage control 1.07pu 
C C Induction -  
 
The tap position and the quantity of operated capacitor 
banks in different scenarios are in Table IV – Table VI, the 
distribution losses are shown in Fig. 5 – Fig.7.  
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TABLE IV 
THE TAP POSITION AND THE QUANTITY OF OPERATED CAPACITOR BANKS IN 
BASE CASE AND CASE A 
 
Scenario The Output of the DC (MW) Tap Position 
Operated Capacitor 
Banks 
Base Case Null 7 1 
A1 
A11 0.8 7 2 
A12 1.6 7 2 
A13 2.4 7 2 
A14 3.2 7 2 
A2 
A21 0.8 7 1 
A22 1.6 7 2 
A23 2.4 7 2 
A24 3.2 7 2 
A3 
A31 0.8 7 1 
A32 1.6 7 1 
A33 2.4 7 1 
A34 3.2 7 1 
A4 
A41 0.8 7 1 
A42 1.6 7 1 
A43 2.4 7 1 
A44 3.2 7 1 
A5 
A51 0.8 7 1 
A52 1.6 7 1 
A53 2.4 7 1 
A54 3.2 7 1 
 
0.8 1.6 2.4 3.2
4.5
5
5.5
6
The output of the DG (MW)
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A2
A3
A4
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Distribution losses (%)
 
 
Fig. 5.  The distribution losses in Base Case and Case A. 
 
TABLE V 
THE TAP POSITION AND THE QUANTITY OF OPERATED CAPACITOR BANKS IN 
BASE CASE AND CASE B 
 
Scenario The Output of the DC (MW) 
Tap 
Position 
Operated Capacitor 
Banks 
Base Case Null 7 1 
B1 
B11 0.8 6 2 
B12 1.6 6 2 
B13 2.4 4 1 
B14 3.2 6 2 
B2 
B21 0.8 7 2 
B22 1.6 7 2 
B23 2.4 5 1 
B24 3.2 7 2 
B3 
B31 0.8 7 1 
B32 1.6 7 1 
B33 2.4 6 1 
B34 3.2 7 1 
B4 
B41 0.8 7 1 
B42 1.6 7 1 
B43 2.4 7 1 
B44 3.2 7 1 
B5 
B51 0.8 7 0 
B52 1.6 7 1 
B53 2.4 7 1 
B54 3.2 7 1 
B6 
B61 0.8 7 0 
B62 1.6 7 1 
B63 2.4 7 1 
B64 3.2 7 1 
B7 
B71 0.8 7 0 
B72 1.6 7 0 
B73 2.4 7 1 
B74 3.2 7 0 
B8 
B81 0.8 7 0 
B82 1.6 7 0 
B83 2.4 7 1 
B84 3.2 7 0 
 
0.8 1.6 2.4 3.2
4.5
5
5.5
6
 
 
B1
B2
B3
B4
B5
B6
B7
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Distribution losses (%)
 
Fig. 6.  The distribution losses in Base Case and Case B. 
 
TABLE VI 
THE TAP POSITION AND THE QUANTITY OF OPERATED CAPACITOR BANKS IN 
BASE CASE AND CASE C 
 
Scenario The Output of the DC (MW) 
Tap 
Position 
Operated Capacitor 
Banks 
Base Case Null 7 1 
C 
C11 0.8 7 1 
C12 1.6 7 2 
C13 2.4 7 2 
C14 3.2 7 2 
 
0.8 1.6 2.4 3.2
4.5
5
5.5
6
 
 
The output of the DG (MW)
Distribution losses (%)
 
Fig. 7.  The distribution losses in Base Case and Case C. 
B.  Discussions 
According to the results in Table III – Table V and Fig. 5 – 
Fig.7, following discussion can be made. 
y In most situations, installing DG can reduce the 
distribution losses, compared with the Base Case. 
y If the DG is operated in the power factor control mode: 
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Two capacitor banks are operated in scenario A12-A14 
and A22-A24; while only one capacitor banks are operated 
in A3, A4 and A5. In A1 and A2, the DG will produce 
inductive reactive power. To satisfy the power factor 
boundaries on the secondary side of the transformer, 
more capacitor banks could be put into operation. 
y If the DG is in the voltage control mode: The terminal 
voltage of the DG increases from B1 to B8. If the 
terminal voltage of the DG becomes higher and the 
active output of the DG keeps constant, the tap position 
becomes higher and the operated capacitor banks become 
less. 
y If induction machine is used: The higher the active 
output of the DG, the more the capacitor banks are 
operated. When the active power output of an induction 
machine become higher, more reactive power will be 
consumed. To satisfy the power factor boundaries on the 
secondary side of the transformer, more capacitor banks 
are operated. 
y Generally, higher secondary side voltage could result in 
lower distribution losses because the current in the 
distribution system can be reduced. However, in some 
scenarios in Case B, the tap positions are not set to the 
highest one; i.e., the tap positions in these scenarios are 
less than seven. This selection is to satisfy the terminal 
voltage boundary of the DG. In these scenarios, if the tap 
position is set to the highest one, the terminal voltage of 
the DG cannot satisfy the voltage variation boundary. 
V.  CONCLUSION 
This paper proposed a smart distribution system architecture 
based AVC strategy. This model aims to adjust the tap 
position of transformer and switching the capacitor banks to 
minimize the losses in the distribution system. Infrastructures 
to realize this architecture have been built in Xiamen and are 
introduced in this paper. The OPF based mathematic model is 
also discussed, with the objective to minimize the loss and 
taking the constraints regarding voltage variation, power 
factor boundaries, power flow and DG technique options into 
account.  
Cases are studied to verify the impact of DG technique 
options on the losses. In most situations, DG can reduce the 
distribution losses if the proposed architecture is employed. 
However, DG can result in higher distribution losses in some 
particular cases. Therefore, using the architecture proposed in 
this paper, distribution losses can be reduced by selecting tap 
position, operating capacitor banks and selecting reasonable 
DG techniques.  
VI.  APPENDIX 
TABLE VII 
PARAMETERS OF 33-BUS DISTRIBUTION SYSTEM 
 
Branch   Load on sending end
Sending end Receiving end r(pu) x(pu) P(MW) Q(Mvar) 
1 2 0.493 0.2511 0.4 0.24 
1 18 0.164 0.1563 0.36 0.16 
1 0 0.0992 0.047 0.48 0.32 
2 3 0.366 0.1864 0.24 0.12 
2 22 0.4512 0.3083 0.24 0.08 
3 4 0.3881 0.1941 0.8 0.4 
4 5 0.819 0.707 0.8 0.4 
5 6 0.1872 0.6188 0.24 0.08 
5 25 0.203 0.1034 0.24 0.08 
6 7 0.7114 0.2351 0.18 0.12 
7 8 1.03 0.74 0.24 0.14 
8 9 1.044 0.74 0.24 0.14 
9 10 0.1966 0.065 0.48 0.32 
10 11 0.3744 0.1238 0.24 0.04 
11 12 1.468 1.155 0.24 0.08 
12 13 0.5416 0.7129 0.24 0.08 
13 14 0.591 0.526 0.36 0.16 
14 15 0.7463 0.545 0.36 0.16 
15 16 1.289 1.721 0.36 0.16 
16 17 0.732 0.574 0.36 0.16 
18 19 1.5042 1.3554 0.36 0.16 
19 20 0.4095 0.4784 0.36 0.2 
20 21 0.7089 0.9373 1.68 0.8 
22 23 0.898 0.7091 1.68 0.8 
23 24 0.896 0.7011 0.24 0.1 
25 26 0.2842 0.1447 0.24 0.1 
26 27 1.059 0.9337 0.24 0.08 
27 28 0.8042 0.7006 0.48 0.28 
28 29 0.5075 0.2585 0.8 2.4 
29 30 0.9744 0.963 0.24 0.16 
30 31 0.3105 0.3619 0.84 0.4 
31 32 0.341 0.5302 0.24 0.16 
Voltage of the primary side of the transformer 0.977pu 
Rated Output of each Capacitor Bank (MVar) 2.5 
Tap position of the transformer [-7,7] (Integer) 
Transformer voltage ratio of a tap position 0.0125pu 
Base Voltage 10kV 
Base Capacity 100MA 
 
 
TABLE VIII 
PARAMETERS OF THE DG 
 
Base Voltage(kV) 10 
Base Capacity(MVA) 1 
Synchronous generator xs(pu) 1.536 ( )qE p u  2.231 
Induction 
generator 
rs(pu) 0.0241 
xs(pu) 0.139 
rr(pu) 0.22 
xr(pu) 0.351 
xm(pu) 9.1 
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